1.. Introduction {#s1}
================

Blood-contacting implants benefit millions of patients with cardiovascular disease; however, thrombus and embolus are often formed on the blood-contacting surfaces, causing significant morbidity and mortality \[[@C1]--[@C3]\]. Usually, anti-platelet agents or anticoagulants are used to reduce the risk of these adverse events, which predispose the patients to bleeding complications \[[@C4], [@C5]\]. Anti-thrombogenic or anti-inflammatory drug-coated vascular stents have recently proven to be problematic in healing atherosclerotic blood vessels \[[@C6], [@C7]\].

A tissue-engineered endothelial cell layer on the blood-contacting surface would provide the blood-contacting implants with excellent anti-thrombogenic and anti-inflammatory effects \[[@C1]\], as the endothelium is the physiological and most hemocompatible blood-contacting surface. A tissue-engineered endothelial cell layer that represents an inherent non-thrombogenic potential on the blood-contacting surface not only provides a non-adhesive surface for platelets and leukocytes but also produces a variety of important biomolecules such as endothelin, prostaglandins and nitric oxide (NO) \[[@C8]--[@C11]\].

The major limitation to forming a tissue-engineered endothelium surface has been the shortage of an extracellular matrix suitable for endothelialization. Biomolecules are widely used for promoting endothelialization. For example, fibroblast growth factor-2 (FGF-2) is a heparin binding growth factor that stimulates the proliferation of a wide variety of cells, including endothelial cells \[[@C12]--[@C14]\]. Ascorbate, for example [l]{.smallcaps}-ascorbic acid phosphate magnesium salt *n*-hydrate (AsMg), has been used to prevent endothelial dysfunction \[[@C15], [@C16]\]. However, the biomolecules are highly susceptible to physiological diffusion and degradation processes, leading to a short half-life \[[@C17]--[@C19]\]. Apatite is a promising matrix for immobilizing biomolecules with increasing biomolecule stability and promoting persistent signaling \[[@C20]--[@C27]\]. Besides, apatite, as the main inorganic component of human hard tissues, has good biocompatibility and has been reported to show good thromboresistance \[[@C28]\].

We hypothesize that the FGF-2--AsMg--apatite (FAsAp) layer is a promising extracellular matrix for endothelialization, which can accelerate endothelial cell proliferation and maintain proper function of the endothelial cells. In this study, a FAsAp layer was formed on the titanium plate followed by formation of a layer of tissue-engineered human umbilical vein endothelial cells (HUVECs) on the FAsAp layer. *In vitro* platelet adhesion to the tissue-engineered HUVEC layer was also tested.

2.. Materials and methods {#s2}
=========================

2.1.. Preparation of Ti plates {#s2-1}
------------------------------

Commercially available Ti sheets (1 × 100 × 300 mm, Nilaco Corporation, Japan) were cut into square plates (1 × 11 × 11 mm) using a silicon carbide blade. The Ti plates were ultrasonically washed with acetone for 30 min and then dried at room temperature. Then, the Ti plates were heated from room temperature to 300 °C at a heating rate of 1 °C h^−1^, and annealed at 300 °C for 2 h.

2.2.. Preparation of solutions {#s2-2}
------------------------------

A calcium-containing solution (4.5 mM Ca^2+^, ×2.0 Ringer's) was obtained by mixing Ringer's solution (Otsuka, 2.25 mM Ca^2+^) and -Ca (Otsuka, 500 mM Ca^2+^). An FGF-2 solution with a concentration of 100 *μ*g ml^−1^ was prepared by dissolving FGF-2 (, Kaken Pharmaceutical Co., Ltd, Japan) in ×2.0 Ringer's followed by filter sterilization using a membrane with a pore size of 0.22 *μ*m (×2.0 Ringer's--FGF-2). The FGF-2 reagent is a pharmaceutical human-recombinant FGF-2 containing undisclosed amounts of sucrose, ethylene diamine tetraacetic acid (EDTA) and a pH adjustment agent. An AsMg solution with a concentration of 2500 *μ*g ml^−1^ was prepared by dissolving AsMg (Wako Pure Chemical Industry Ltd, Japan) in ×2.0 Ringer's followed by filter sterilization using a membrane with a pore size of 0.22 *μ*m (×2.0 Ringer's--AsMg). A phosphate-containing solution (20 mM PO~4~^3−^, ×2.0 B) was obtained by mixing B (I'rom Pharmaceutical Co., Ltd, Japan, 10 mM PO~4~^3−^) and solution-PK (Otsuka, 500 mM PO~4~^3−^). An alkalinizer, (Ajinomoto Pharma, Japan), was used as received without changing its original concentration. Supersaturated calcium phosphate solutions were prepared by mixing ×2.0 Ringer's, ×2.0 Ringer's--FGF-2, ×2.0 Ringer's--AsMg, ×2.0 B and alkalinizer at the mixing ratio shown in table [1](#TB1){ref-type="table"}. The chemical compositions of the supersaturated calcium phosphate solutions are shown in table [2](#TB2){ref-type="table"}. All the solutions used in this study were infusion fluids clinically available in Japan. The merits of using clinically approved pharmaceutical formulations are that they are sterile and endotoxin free, and have a low regulatory barrier for clinical applications \[[@C20]--[@C25], [@C29]--[@C31]\].

###### 

Supersaturated calcium phosphate solutions.

  Total volume (ml)   ×2.0 Ringer's (ml)   ×2.0 Ringer's--FGF-2 (ml)   ×2.0 Ringer's--AsMg (ml)   ×2.0 B (ml)   Alkalinizer (ml)
  ------------------- -------------------- --------------------------- -------------------------- ------------- ------------------
  5                   3.69--4.09           0--0.2                      0--0.2                     0.46          0.45

###### 

Chemical components of supersaturated calcium phosphate solutions

  Component             Ap       FAp      AsAp     FAsAp
  --------------------- -------- -------- -------- --------
  Na^+^ (mM)            138.75   138.75   138.75   138.75
  K^+^ (mM)             7.37     7.37     7.37     7.37
  Ca^2+^ (mM)           3.68     3.68     3.68     3.68
  Mg^2+^ (mM)           0.22     0.22     0.22     0.22
  Cl^−^ (mM)            134.27   134.27   134.27   134.27
  H~2~PO~4~^−^ (mM)     0.90     0.90     0.90     0.90
  HPO~4~^2−^ (mM)       0.94     0.94     0.94     0.94
  HCO~3~^−^ (mM)        15.09    15.09    15.09    15.09
  CH~3~COO^−^ (mM)      1.80     1.80     1.80     1.80
  FGF-2 (*μ*g ml^−1^)   0        4        0        4
  AsMg (*μ*g m1^−1^)    0        0        100      100

2.3.. Formation of apatite (Ap), FGF-2--apatite (FAp), AsMg--apatite (AsAp) and FGF-2--AsMg--apatite (FAsAp) layers on Ti plates {#s2-3}
--------------------------------------------------------------------------------------------------------------------------------

The Ti plates were sterilized at 160 °C for 3 h in a dry sterilizer (model SG600, Yamato Scientific, Co., Ltd). After being cooled to room temperature, each Ti plate was aseptically immersed in 5 ml of the supersaturated calcium phosphate solutions (table [2](#TB2){ref-type="table"}) at 37 °C for 48 h to obtain the coatings of Ap, FAp, AsAp and FAsAp. After the immersion, the coatings were mildly washed by immersing in 2 ml of ultrapure water for 3 min.

2.4.. Surface characterization of Ti plates {#s2-4}
-------------------------------------------

Before the surface analysis, the washed Ti plates were freeze-dried. The surface morphology of the Ti plates was analyzed by field emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Japan) at an accelerating voltage of 10 kV after being coated with platinum. The coatings removed from the Ti surfaces were observed with transmission electron microscopy (TEM). When the Ti plates were found to be covered by precipitated layers, the precipitated layers were scraped off from the Ti plates and analyzed by x-ray diffraction (XRD) employing Cu K*α* x-rays at 40 kV and 300 mA using a powder x-ray diffractometer (model RINT 2400; Rigaku, Japan) and a silicon-zero-background plate. The 2*θ* scanning range and speed were 20--80° and 1° min^−1^, respectively. Fourier transform infrared spectra (FTIR) were recorded using an FTIR-350 spectrometer (Jasco Corporation, Japan) by the KBr pellet method.

2.5.. Measurements of amounts of calcium, phosphorus, FGF-2 and AsMg in the Ap, FAp, AsAp and FAsAp layers {#s2-5}
----------------------------------------------------------------------------------------------------------

The Ti plates with Ap, FAp, AsAp and FAsAp layers were immersed in 5 ml of a citric acid buffer (10 mM, pH 5.43) at 25 °C overnight to extract the calcium, phosphorus, AsMg and FGF-2 completely by dissolving the layers. The complete dissolution of the layers was confirmed by scanning electron microscopy (FE-SEM). The amounts of precipitated calcium and phosphorus were measured using an inductively coupled plasma atomic emission spectrometer (ICP: SPS7800, Seiko Instruments, Inc.). The amount of precipitated FGF-2 was measured by the Bradford method using a Bio-Rad protein assay dye reagent concentrate (Bio-Rad Laboratories, Inc., Japan) in accordance with the manufacturer's instructions. The amounts of precipitated AsMg were determined by measuring the UV absorption band intensity of AsMg at 235 nm using a UV--visible spectrophotometer (V-550, Jasco, Japan).

2.6.. *In vitro* HUVEC proliferation on Ap, FAp, AsAp and FAsAp coated Ti plates {#s2-6}
--------------------------------------------------------------------------------

HUVECs with a concentration of 5 × 10^5^ cells ml^−1^ were placed on the Ap, FAp, AsAp and FAsAp coated Ti plates and cultured in a humidified atmosphere of 5% CO~2~ at 37 °C for 3 days. The culture medium used was endothelial basal medium-2 -2 supplemented with 2% fetal bovine serum and growth factors (Lonza Walkersville, Inc., USA) according to the manufacturer's protocols. The proliferation level of HUVECs was determined by the WST-8 method using a CCK-8 kit (Dojindo Laboratories, Japan) in accordance with the manufacturer's instructions.

2.7.. Nitric oxide (NO) release from HUVECs on as-prepared Ti, Ap and FAsAp coated Ti plates {#s2-7}
--------------------------------------------------------------------------------------------

NO produced by the vascular endothelium is an important biological messenger that inhibits leukocyte and platelet adhesion and aggregation. NO deficiency increases thrombosis due to platelet aggregation and adhesion to the vascular endothelium.

HUVECs were seeded and cultured under the same conditions as described in section [2.6](#s2-6){ref-type="sec"}. NO release from HUVECs on as-prepared Ti, Ap and FAsAp coated Ti plates after 3 days of culture was tested using a Total NO/Nitrite/Nitrate kit (R&D systems) in accordance with the manufacturer's instructions.

2.8.. Platelet adhesion to Ti, Ap and FAsAp + HUVEC coated Ti plates {#s2-8}
--------------------------------------------------------------------

The tissue-engineered Ti plates were prepared by culturing 5 × 10^5^ cells ml^−1^ of HUVECs on the FAsAp coated Ti plates as described in section [2.6](#s2-6){ref-type="sec"}. After 3 days of culture, the culture medium was replaced by 1 ml of 2 *μ*M CellTracker^TM^ Green (Invitrogen, Ltd, UK) in a humidified atmosphere of 5% CO~2~ at 37 °C for 30 min. Then, the tissue-engineered (FAsAp + HUVEC coated) Ti plates were washed with phosphate-buffered saline (PBS(−))2 times.

Fresh rat blood (2 m1) was drawn and mixed with 150 *μ*l of 0.077 M EDTA·2Na. Plasma was obtained by centrifuging the rat blood solution at 2000 rpm for 10 min. Platelet-rich plasma was obtained by centrifuging the plasma at 4000 rpm for 10 min. Platelet-rich plasma was suspended in 2 ml of 2 *μ*M CellTracker^TM^ Orange (Invitrogen, Ltd, UK) in a humidified atmosphere of 5% CO~2~ at 37 °C for 30 min. Then, the platelet-rich plasma was washed twice using 10 ml PBS(−) and centrifuged at 4000 rpm for 10 min to discard the residual dye reagent and suspended at a concentration of 1 × 10^4^ platelets ml^−1^ in PBS(−).

Ti, Ap and FAsAp + HUVEC coated Ti plates were immersed in 1 ml of 1 × 10^4^ platelets ml^−1^ and incubated in a humidified atmosphere of 5% CO~2~ at 37 °C for 2 h. After washing with PBS(−), the HUVECs and platelets adhering to the Ti, Ap and FAsAp + HUVEC layers were observed using a fluorescent staining and fluorescence microscope (BX51, Olympus, Japan). The amounts of platelet that adhered to the Ti, Ap and FAsAp + HUVEC layers were calculated using Image- Plus software (Media Cybernetics, Inc., version 7.0). For each sample, eight--ten samples were selected for quantitative analysis.

3.. Results {#s3}
===========

FE-SEM images of the bare Ti plate, and Ap, FAp, AsAp and FAsAp coated Ti plates are shown in figure [1](#F0001){ref-type="fig"}. A continuous and homogeneous layer consisting of flake-shaped fine particles was formed on the Ap or FAp coated Ti plates (figure [1](#F0001){ref-type="fig"}, Ap, FAp). On the AsAp or FAsAp coated Ti plates, not flake-shaped but round-shaped particles were observed (figure [1](#F0001){ref-type="fig"}, AsAp, FAsAp). The coatings removed on the Ti plates were observed further using TEM (figure [2](#F0002){ref-type="fig"}). Ap or FAp showed micro-sized particles, while AsAp or FAsAp showed nano-sized particles. AsMg obviously inhibited the crystal growth of the precipitates.

![FE-SEM images of the bare Ti plate and Ap, FAp, AsAp and FAsAp coatings on Ti plates.](TSTA11661367F01){#F0001}

![TEM images of Ap, FAp, AsAp and FAsAp coatings on Ti plates.](TSTA11661367F02){#F0002}

The XRD patterns of the bare Ti and the surface layers scraped from the Ti plates are shown in figure [3](#F0003){ref-type="fig"}. All the surface layers consist of low-crystalline apatite, as proved by the broad peaks at 25.8 and 31.8° (ICDD no. 09-432).

![XRD patterns of Ti, Ap, FAp, AsAp and FAsAp coatings on Ti plates.](TSTA11661367F03){#F0003}

The FTIR spectra of the surface layers scraped from the Ti plates are shown in figure [4](#F0004){ref-type="fig"}. Carbonate bands appeared at 1450, 1420 and 872 cm^−1^. PO~4~^3−^ bands appeared at 1090--1030, 603 and 565 cm^−1^. Bands for adsorbed H~2~O appeared at 1600--1670 and 3000--3600 cm^−1^.

![FTIR spectra of Ap, FAp, AsAp and FAsAp coatings on Ti plates. The spectra are offset vertically for clarity.](TSTA11661367F04){#F0004}

Figure [5](#F0005){ref-type="fig"} shows the amounts of calcium and phosphorus precipitated on the Ti plates. FGF-2 and AsMg alone or in combination greatly inhibited the precipitation of apatite. The amounts of calcium precipitated were 93 ± 21, 71 ± 23, 37 ± 6 and 28 ± 4 *μ*g per plate for Ap, FAp, AsAp and FAsAp, respectively. The amounts of phosphorus precipitated were 55 ± 13, 44 ± 12, 28 ± 4 and 21 ± 3 *μ*g per plate for Ap, FAp, AsAp and FAsAp, respectively.

![Amount of Ca and P immobilized on Ti plates.](TSTA11661367F05){#F0005}

Figure [6](#F0006){ref-type="fig"} shows the amounts of precipitated FGF-2 and AsMg on Ti plates. AsMg significantly inhibited the precipitation of FGF-2. The amounts of FGF-2 immobilized on FAp and FAsAp layers were 12 ± 1 and 10 ± 1 *μ*g per plate, respectively. FGF-2 significantly inhibited the precipitation of AsMg. The amounts of AsMg immobilized on AsAp and FAsAp layers were 109 ± 76 and 41 ± 2 *μ*g per plate, respectively.

![Amount of FGF-2 and AsMg immobilized on Ti plates.](TSTA11661367F06){#F0006}

HUVEC proliferation on Ti, Ap, FAp, AsAp and FAsAp coated Ti plates after 3 days of culture is shown in figure [7](#F0007){ref-type="fig"}. FGF-2 or AsMg promoted the proliferation of HUVECs. The number of HUVECs on FAp and AsAp was higher than those on Ti. The combination of FGF-2 and AsMg showed greater proliferation of HUVECs than those with FGF-2 or AsMg. However, the number of HUVECs on FAsAp coated Ti plates was only slightly higher than those on FAp coated Ti plates. The number of HUVECs on FAsAp coated Ti plates was significantly higher than those on Ti and AsMg coated Ti plates. Therefore, FAsAp coated Ti plates were selected as the matrix for growing a tissue-engineered HUVEC layer (FAsAp + HUVEC).

![HUVEC proliferation on Ap, FAp, AsAp and FAsAp coated Ti plates after 3 days of culture.](TSTA11661367F07){#F0007}

Nitric oxide release from tissue-engineered HUVECs on as-prepared Ti, Ap and FAsAp coated Ti plates after 3 days of culture is shown in figure [8](#F0008){ref-type="fig"}. HUVECs on FAsAp coated Ti showed a slightly higher NO content than on Ap coated and as-prepared Ti.

![Nitric oxide (NO) release from HUVECs on as-prepared Ti, Ap and FAsAp coated Ti plates after 3 days of culture.](TSTA11661367F08){#F0008}

Fluorescence microscopy images of platelets adhered to Ti, Ap and tissue-engineered HUVEC coated Ti are shown in figure [9](#F0009){ref-type="fig"}. A large number of platelets were observed on Ti and Ap coated Ti plates. Brick-like HUVEC cells fully covered the surface of FAsAp coated Ti plates. Only a small number of platelets were observed on the tissue-engineered HUVEC coated Ti plates. Quantitative analysis of the number of platelets according to the fluorescence microscopy images is presented in figure [10](#F0010){ref-type="fig"}. Both Ap and tissue-engineered HUVEC coated Ti plates significantly restricted the platelet adhesion. Tissue-engineered HUVEC coated Ti plates showed a significantly decreased number of adhered platelets than those on Ap coated Ti plates. The number of platelets adhered to Ti, Ap and tissue-engineered HUVEC coated Ti were 54 ± 13, 33 ± 3 and 15 ± 5 platelets mm^−2^, respectively.

![Fluorescence microscopy images of platelets adhered to Ti (A1, A2), Ap (B1, B2) and FAsAp + HUVEC coated Ti (C1, C2). HUVECs were stained for green fluorescence. Platelets were stained for red fluorescence (red arrows).](TSTA11661367F09){#F0009}

![Number of platelets adhered to Ti, Ap and FAsAp + HUVEC coated Ti.](TSTA11661367F10){#F0010}

4.. Discussion {#s4}
==============

Rapid growth as well as maintenance of proper function of endothelial cells is potentially beneficial in inhibiting platelet adhesion and thrombosis formation. The FGF-2--AsMg--Ap layer on Ti plates accelerated proliferation and maintained proper function of endothelial cells. The tissue-engineered endothelial layer markedly inhibited platelet adhesion *in vitro*.

The FGF-2--AsMg--Ap layer provided a suitable extracellular matrix for rapid endothelialization. In our previous study, the FGF-2--AsMg--Ap layer on Ti rods markedly enhanced the proliferation of fibroblastic NIH3T3 cells and osteoblastic MC3T3-E1 cells, but inhibited the differentiation of osteoblastic MC3T3-E1 cells with FGF-2 contents ranging from 0.15 ± 0.03 to 0.31 ± 0.04 *μ*g cm^−2^ \[[@C22]\]. Research on the FGF-2--AsMg--Ap layer on endothelial cell proliferation and function was very limited. Herein, the effect of the FGF-2--AsMg--Ap layer on endothelial cell proliferation and function was studied. FGF-2 is a wide-spectrum mitogenic, angiogenic and neurotrophic factor for a variety of cell types \[[@C14]\]. FGF-2 is an important regulator of endothelial cell proliferation, migration and protease production \[[@C13], [@C32], [@C33]\]. For example, surface bound FGF-2 accelerates endothelial cell proliferation \[[@C34], [@C35]\]. Ascorbic acid has been supplemented for culture of various cell types including endothelial cells \[[@C36], [@C37]\]. [l]{.smallcaps}-ascorbic acid 2-phosphate accelerated proliferation and extended the replicative lifespan of human corneal endothelial cells \[[@C38]\]. [l]{.smallcaps}-ascorbic acid 2-phosphate and FGF-2 showed a synergetic effect promoting the proliferation of human corneal endothelial cells than only [l]{.smallcaps}-ascorbic acid 2-phosphate or FGF-2 \[[@C38]\]. Similarly, the FGF-2--AsMg--Ap layer showed the highest HUVEC proliferation compared to Ap, FAp and AsAp coated Ti plates after 3 days of culture (figure [7](#F0007){ref-type="fig"}).

HUVECs on FAsAp coated Ti showed a slightly higher, but not statistically significant, NO content than apatite coated and as-prepared Ti (figure [8](#F0008){ref-type="fig"}). The synthesis of NO is an important marker of endothelial cell functionality and health, which is crucial in the control of smooth muscle cell proliferation, and platelet adhesion to the endothelial surface \[[@C16]\]. NO has been demonstrated to be a potent anti-platelet agent that can prevent thrombosis formation \[[@C39], [@C40]\]. NO deficiency also enhances smooth muscle cell proliferation and platelet aggregation and adhesion \[[@C41]\]. FGF-2 induces NO release from a number of cell types, including endothelial cells \[[@C42]\]. FGF-2 treatment of endothelial cells leads to increased production of biologically active NO \[[@C42]\]. Ascorbic acid prevents endothelial dysfunction by increasing release of NO from endothelial cells \[[@C15], [@C36]\].

The tissue-engineered endothelium layer markedly inhibited *in vitro* platelet adhesion (figures [9](#F0009){ref-type="fig"} and [10](#F0010){ref-type="fig"}). Platelet adhesion is a critical index for evaluating the thrombogenic property of a blood-contacting implant. When an implant surface is exposed to blood, plasma proteins are adsorbed to the surface, followed by platelet adhesion. Activated platelets can recruit more platelets to aggregate on the surface that leads to thrombus formation \[[@C43]\]. The present results of platelet adhesion and NO content indicated that HUVEC growth and function are maintained normally on FGF-2--AsMg--Ap coated Ti surfaces. Further *in vivo* study is required.

5.. Conclusions {#s5}
===============

A tissue-engineered antithrombotic layer was prepared on titanium by coprecipitation of FGF-2, AsMg and apatite followed by endothelial cell seeding and culturing *in vitro*. The FGF-2--AsMg--Ap coated Ti plate was prepared by immersing the Ti plate in supersaturated calcium phosphate solutions supplemented with FGF-2 and AsMg. The FGF-2--AsMg--Ap layer on the Ti plate accelerated HUVEC proliferation. The tissue-engineered endothelial layer showed slightly higher nitric oxide release from HUVECs than apatite coated and as-prepared Ti, which indicated that the endothelial layer maintained proper function of the endothelial cells. The endothelial layer markedly inhibited *in vitro* platelet adhesion. Therefore, the tissue-engineered endothelial layer formed on the FGF-2--AsMg--Ap layer is promising for ameliorating platelet activation and thrombus formation on cardiovascular implants.
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